Background. Among patients with nondialysis-dependent chronic kidney disease (NDD-CKD) and iron-deficiency anemia (IDA), ferric citrate increases hemoglobin and iron parameters and reduces serum phosphate and fibroblast growth factor 23 (FGF23), a key phosphate-regulating hormone. We conducted post hoc analyses of a phase 3 trial to explore associations between iron replacement, serum phosphate changes and FGF23 regulation. Methods. We employed multivariable regression and longitudinal mixed-effects models to identify and confirm, respectively, whether baseline demographic and laboratory variables were associated with ferric citrate-induced changes in serum phosphate or FGF23 concentrations. We employed path analyses to determine whether changes in FGF23 concentrations were mediated via changes in serum phosphate and/or transferrin saturation (TSAT). Results. We analyzed a total of 117 and 115 ferric citratetreated and placebo-treated patients, respectively. At 16 weeks, ferric citrate significantly reduced serum phosphate versus placebo (P ¼ 0.006) only among patients with elevated baseline serum phosphate (!4.5 mg/dL) and did not reduce serum phosphate among patients with baseline serum phosphate within the population reference range. Ferric citrate reduced intact FGF23 and C-terminal FGF23 partially via changes in TSAT (for C-terminal FGF23) and serum phosphate (for intact FGF23) and partially via unknown/unmeasured mechanisms. Conclusions. Ferric citrate reduced serum FGF23 concentrations (partially via effects on serum phosphate and iron balance) and did not reduce serum phosphate among patients with baseline serum phosphate concentrations within the population reference range.
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I N T R O D U C T I O N
With progressive loss of kidney function, patients with chronic kidney disease (CKD) frequently develop complications, including iron deficiency and anemia. Iron deficiency and associated iron-deficiency anemia (IDA) diminish self-reported health-related quality of life as a result of symptoms such as fatigue, irritability and restless leg syndrome [1] and are risk factors for cardiovascular morbidity and mortality [2] [3] [4] . Mineral metabolism disorders, including hyperphosphatemia, are also common and consequential among patients with CKD, and these disorders are associated with an increased risk of fracture, cardiovascular disease and death [5] [6] [7] [8] [9] [10] .
Hyperphosphatemia in CKD is typically accompanied by an increase in a key phosphate-regulating hormone, fibroblast growth factor 23 (FGF23), which is stimulated by a variety of factors, including increases in parathyroid hormone (PTH), calcium, phosphorus, 1,25-dihydroxyvitamin D and inflammation [11] . FGF23 induces phosphaturia, thereby reducing serum phosphate; however, higher serum FGF23 concentrations are independently associated with CKD progression [12] , left ventricular hypertrophy, congestive heart failure [13] and death [14] . There is evidence suggesting that interventions that reduce FGF23 are associated with cardiovascular benefits in patients with CKD; in a post hoc analysis of the Evaluation of Cinacalcet Hydrochloride Therapy to Lower Cardiovascular Events trial, patients with dialysis-dependent CKD and secondary hyperparathyroidism who received cinacalcet for 20 weeks had significantly lower FGF23 concentrations compared with patients who received placebo, and these reductions were associated with lower risks of major cardiovascular events, including mortality [15] .
FGF23 is regulated at the transcriptional level and by intracellular proteolytic cleavage and is measured as biologically active intact FGF23 (iFGF23) and C-terminal FGF23 (cFGF23), which includes intact and proteolytically cleaved inactive cFGF23 [16] . In CKD, FGF23 transcription is increased but cleavage is impaired, which results in elevated circulating cFGF23 and iFGF23 [16, 17] . Among patients with IDA and CKD, however, FGF23 regulation is complicated by underlying iron deficiency. In the setting of iron deficiency and normal kidney function, both FGF23 transcription and intracellular proteolytic cleavage are stimulated, therefore cFGF23 is elevated but iFGF23 is unchanged [14, [16] [17] [18] [19] . However, among patients with IDA and CKD, cFGF23 and iFGF23 are both elevated [20, 21] , but it is unclear how these clinical factors (iron deficiency and inflammation in CKD) interact to alter FGF23 regulation.
Ferric citrate, an iron-based oral phosphate binder, is approved by multiple regulatory agencies for the control of serum phosphate in adult patients with CKD and is approved in the USA for the control of serum phosphate in adult patients with CKD on dialysis and as an iron replacement product indicated for the treatment of IDA in adult patients with CKD not on dialysis [22] . In a phase 3 randomized, placebo-controlled trial among patients with nondialysis-dependent CKD (NDD-CKD) and IDA [21] , patients who received ferric citrate for 16 weeks achieved significant increases in hemoglobin, transferrin saturation (TSAT) and ferritin compared with patients who received placebo. Reductions in serum phosphate with ferric citrate were modest but statistically significant compared with placebo (relative change from baseline to Week 16, À0.21 mg/dL; P ¼ 0.02). Both cFGF23 and iFGF23 decreased significantly from baseline to Week 16 in ferric citrate-treated patients compared with placebo-treated patients.
In this post hoc analysis, we first identified baseline demographic, clinical and laboratory variables associated with changes in serum phosphate or FGF23. Second, we investigated ferric citrate effects on serum phosphate concentrations by baseline serum phosphate tertiles, by baseline CKD stage, by baseline FGF23 tertiles and by ferric citrate dose increases. Third, given the concomitant effects of ferric citrate on serum phosphate and iron deficiency, we explored whether ferric citrate reduced FGF23 via ferric citrate-mediated changes in serum phosphate and/or TSAT using path analyses.
M A T E R I A L S A N D M E T H O D S

Study design, patient population and treatment
This previously reported phase 3 trial (ClinicalTrials.gov identifier: NCT02268994) was a randomized, double-blind, placebo-controlled trial with a 16-week randomized efficacy period and an 8-week extension period among patients with NDD-CKD and IDA [21] . Eligibility criteria included an estimated glomerular filtration rate (eGFR; Modification of Diet in Renal Disease study formula) <60 mL/min/1.73 m 2 , hemoglobin 9.0-11.5 g/dL inclusive, ferritin 200 ng/mL, TSAT 25%, serum phosphate !3.5 mg/dL and intolerance of or inadequate response to prior oral iron supplementation. Ferric citrate was started at 3 Â 1 g tablets daily and titrated at Weeks 4, 8 and 12 by an additional 3 tablets daily to achieve a ! 1.0 g/dL hemoglobin increase from baseline, up to a maximum of 12 tablets daily. We conducted all analyses on the intention-to-treat population, defined as patients who received one or more dose of study drug with one or more postbaseline laboratory value, using data from the 16-week efficacy period.
This study was conducted in accordance with the Declaration of Helsinki and International Conference on Harmonisation Good Clinical Practice guidelines. All patients provided written informed consent before enrollment.
Study endpoints and assessments
Demographics and clinical variables were collected at baseline (Table 1) . Most laboratory parameters were assessed at baseline and Weeks 1 and 2 and then every 2 weeks until Week 16. FGF23 and intact PTH (iPTH) were assessed at baseline and Weeks 8 and 16. cFGF23 was measured in plasma using the second-generation carboxyterminal enzyme-linked immunosorbent assay (ELISA; Immunotopics, San Clemente, CA, USA), which recognizes iFGF23 and C-terminal fragments. iFGF23 was measured in serum using an ELISA against the intact protein (Kainos, Japan). 
Statistical analysis
We conducted all analyses in R version 3.4.3 (R Project for Statistical Computing, Vienna, Austria), with statistical significance determined at an a of 0.05 without adjustment for multiple comparisons.
Baseline associations with changes in serum phosphate or FGF23. We identified baseline variables associated with changes in serum phosphate, cFGF23 or iFGF23 at 16 weeks in two steps. First, we selected baseline variables and their interactions with treatment using multivariable linear regression. Second, for baseline variables with treatment interactions, we conducted confirmatory mixed-effects models for repeated measures (MMRM) analyses.
In multivariable linear regression analyses, we selected candidate baseline variables (Table 1 ) associated with outcomes at 16 weeks based on forward selection and backward elimination using Akaike information criterion (AIC); treatment was fixed in all models and baseline serum phosphate, cFGF23 and iFGF23 were fixed in models examining changes in serum phosphate, cFGF23 and iFGF23, respectively. Missing data for changes in FGF23 at Week 16 were imputed using the last observation carried forward (LOCF) method. Potential interactions between each baseline variable and treatment were tested sequentially by repeating the stepwise AIC multivariable models including one treatment-by-baseline covariate interaction at a time. We performed sensitivity analyses to assess the consistency of associations with changes in serum phosphate, cFGF23 or iFGF23 by comparing results using different methods of handling missing data (observed cases, LOCF and random forest multiple imputation) and alternative multivariable model selection techniques (Supplementary data). For analyses with cFGF23 or iFGF23 as dependent variables, these variables were rank-transformed before analysis because the data were heavily right-skewed [23] .
For baseline variables for which treatment interaction terms were retained by stepwise AIC in multivariable models, we conducted confirmatory MMRM analyses. In contrast to multivariable regression at the single 16-week time point, MMRM uses all available data at all time points, which provides better estimates of the trajectory of change in outcome over time and how this is influenced by baseline variable level and by its interaction with treatment. For MMRMs with serum phosphate as the response, we analyzed absolute serum phosphate values over time by treatment and by baseline covariate tertiles in order to evaluate the effect of baseline covariates and their interaction with treatment on clinically relevant absolute serum phosphate concentrations. For MMRMs with cFGF23 and iFGF23 as the response, we analyzed changes from baseline in cFGF23 and iFGF23 by treatment and by continuously distributed baseline covariates. The MMRM modeling strategy for FGF23 variables differed from that for serum phosphorus for the following reasons. First, because FGF23 variables were rank-transformed, we considered the change in rank to be more meaningful than absolute rank. Second, because FGF23 variables were measured less frequently than serum phosphorus, we obtained greater statistical power using continuously distributed baseline covariates in these models. For each response variable, population marginal means [least square means (LSMs)] and 95% confidence intervals (CIs) were then estimated at levels of categorical baseline covariates (tertiles) or at the 25th and 75th percentile values of continuously distributed baseline covariates for each treatment arm by visit. Within each baseline covariate tertile or percentile, ferric citrate versus placebo LSM differences, 95% CIs and P-values at Week 16 were calculated. Further details on MMRM specifications are described in the Supplementary data.
Ferric citrate dose-response. An additional MMRM assessed ferric citrate dose-response by estimating serum phosphate !7 days after a stepwise dose increase (from 0 to 3, 3 to 6, 6 to 9 or 9 to 12 g/day) among ferric citrate-treated patients stratified by baseline serum phosphate tertile.
Path analyses. To test whether ferric citrate reduced FGF23 indirectly via ferric citrate-mediated changes in serum phosphate and/or TSAT, we employed path analyses using the lavaan package version 0.5-23.1097 (R Project). Path analyses using observed data from randomized controlled trials with repeated laboratory measurements afford the opportunity of testing implied temporal causal associations between treatment, changes in these laboratory measures and outcome [24] . In the current study, data on laboratory measures were collected at baseline and at 2-week intervals thereafter up to 16 weeks (for FGF23, data were available at baseline and 8 and 16 weeks). Thus changes up to 14 weeks, which represent cumulative changes from baseline over the entire 14-week period, were used to assess the influence of earlier temporal changes in serum phosphate or TSAT on later changes in FGF23 outcomes at 16 weeks. A structural equation path analysis model was specified (Figure 1 ). In the model, if the regression pathway coefficient (c) is significant and the products of both indirect pathway coefficients, (a Â b) and (d Â e), are not significant, then this could represent either a direct effect of treatment on the change in FGF23 or an indirect effect by unknown/unmeasured mechanisms. If the product of the indirect pathway coefficients (a Â b) is significant and both (c) and the product of the indirect pathway coefficients (d Â e) are not significant, then full mediation by the change in serum phosphate is declared. If the product of the indirect pathway coefficients (d Â e) is significant and both (c) and the product of the indirect pathway coefficients (a Â b) are not significant, then full mediation by the change in TSAT is declared. If both direct and indirect pathway coefficients are significant, then partial mediation is declared [25] . All variables were standardized before entry into the path analyses, which employed weighted LSMs and variance-adjusted estimation with robust standard errors. We addressed the potential influence of missing data by comparing analyses using observed values, LOCF and random forest multiple imputation.
R E S U L T S
Patients and baseline characteristics
We enrolled 234 patients (ferric citrate, n ¼ 117; placebo, n ¼ 117). Among patients randomized to receive placebo, one
Ferric citrate and mineral metabolism in NDD-CKD did not receive the study drug and one received the drug but had no postbaseline laboratory assessments, therefore the modified intention-to-treat population included 232 patients. At baseline, serum phosphate concentrations were within the population reference range of 2.5-4.5 mg/dL in 69.2% of ferric citrate-and 70.4% of placebo-treated patients and an eGFR <15 mL/min/1.73 m 2 (CKD Stage 5) was present in 12.8% and 11.3%, respectively (Table 1) . Baseline cFGF23 and iFGF23 varied widely (minimum-maximum, 27-8355 RU/mL and 23-9562 pg/mL, respectively). Additional baseline clinical characteristics are reported elsewhere [21] .
Baseline associations with serum phosphate
We identified baseline serum phosphate and baseline eGFR as strongly associated (both P < 0.001) with serum phosphate change at 16 weeks in multivariate analysis (Table 2 ). We confirmed significant treatment interactions for baseline serum phosphate (P ¼ 0.021), eGFR (P ¼ 0.002), cFGF23 (P ¼ 0.022) and iFGF23 (P ¼ 0.041) on absolute serum phosphate concentrations at 16 weeks in MMRM analyses. Longitudinal plots of serum phosphate concentrations by baseline serum phosphate tertiles (Figure 2A and B) demonstrated that ferric citrate Figure S1 .
Ferric citrate dose-response
Dose-response analysis confirmed that among patients with baseline serum phosphate within the population reference range, serum phosphate remained within this range, irrespective of ferric citrate dose increases. Among patients with baseline serum phosphate above the population reference range (!4.5 mg/dL), ferric citrate dose increases progressively lowered serum phosphate to within the population reference range (Figure 3 ).
Baseline associations with change in C-terminal FGF23
We identified treatment, baseline cFGF23 and baseline eGFR as strongly associated (all P < 0.001) with cFGF23 change at 16 weeks in multivariate analysis (Table 2) . We confirmed that only baseline TSAT had a significant interaction with Ferric citrate and mineral metabolism in NDD-CKD treatment (P ¼ 0.028) on the change in cFGF23 at 16 weeks in MMRM analysis. Patients with lower baseline TSAT (25th percentile) achieved earlier cFGF23 reductions than patients with higher baseline TSAT (75th percentile); the ferric citrate versus placebo LSM difference in cFGF23 was significantly greater at 8 weeks only among patients with lower baseline TSAT, whereas this difference was significantly greater at 16 weeks, irrespective of baseline TSAT level (Table 3) .
Baseline associations with change in intact FGF23
We identified treatment and baseline iFGF23 as strongly associated (both P < 0.001) with iFGF23 change at 16 weeks in multivariate analysis (Table 2 ). Baseline serum phosphate was also associated with iFGF23 change at 16 weeks (P ¼ 0.014; Table 2 ). We confirmed that only baseline iPTH had a significant interaction with treatment (P ¼ 0.005) on the change in iFGF23 at 16 weeks in MMRM analysis. The patients with higher baseline iPTH (75th percentile) achieved larger iFGF23 reductions with ferric citrate versus placebo at 16 weeks than those with lower baseline iPTH (25th percentile) ( Table 3) .
Path analyses
To further understand the contribution of the change in serum phosphate and the change in iron parameters to the change in FGF23, we used path analyses to assess the influence of earlier temporal changes in serum phosphate and TSAT (up to 14 weeks) on later changes in FGF23 outcomes (at 16 weeks).
Path analyses of cFGF23 changes at 16 weeks identified significant partial mediation by the change in TSAT up to 14 weeks plus additional significant effects of ferric citrate treatment not mediated by the change in serum phosphate or TSAT ( Figure 3A) . Of note, although the more stringent test of partial mediation by the change in serum phosphate up to 14 weeks (a Â b) was not significant, the individual regression coefficients for treatment effect on the change in serum phosphate at 14 weeks (a) and the effect of the change in serum phosphate at 14 weeks on the change in cFGF23 at 16 weeks (b) were both significant ( Figure 4A ).
Path analyses of iFGF23 changes at 16 weeks identified significant partial mediation by serum phosphate change up to 14 weeks, but not by TSAT change up to 14 weeks, plus additional significant effects of ferric citrate treatment not mediated by the change in serum phosphate or TSAT ( Figure 4B ).
D I S C U S S I O N
This post hoc analysis demonstrated that ferric citrate-induced reductions in serum phosphate were more pronounced among patients with higher baseline serum phosphate and lower baseline kidney function (eGFR). Among patients with baseline serum phosphate within the population reference range, serum phosphate remained within this range, irrespective of treatment with ferric citrate or placebo or dose of ferric citrate. Among patients with baseline serum phosphate above the population reference range, ferric citrate treatment reduced serum phosphate to within this reference range.
Phosphate binders, including ferric citrate, diminish dietary phosphorus absorption, leading to an increase in gastrointestinal phosphate excretion. Among phosphate bindertreated patients with mild to moderately impaired kidney function and normal to slightly elevated serum phosphate concentrations, serum phosphate reductions are modest and levels generally remain within the population reference range because of several compensatory homeostatic mechanisms, including decreased urinary phosphate excretion [26, 27] . Among phosphate binder-treated patients with severely impaired kidney function and overt hyperphosphatemia, for whom compensatory homeostatic mechanisms are impaired [5] , serum phosphate is reduced yet often remains above the population reference range because of the kidneys' inability to respond optimally to phosphaturic stimuli, including those mediated by PTH and FGF23. Our current findings are consistent with this model. Ferric citrate treatment reduced FGF23, which is elevated in iron deficiency and CKD [16] . MMRM analyses, which examined baseline associations with longitudinal changes in FGF23, showed that ferric citrate-induced cFGF23 and iFGF23 reductions were associated with baseline TSAT and baseline iPTH, respectively. Ferric citrate reduced cFGF23 earlier in the time course of therapy among patients with lower baseline TSAT versus those with higher baseline TSAT, suggesting that faster repletion of iron stores among patients with initially low iron stores may have provided a stronger stimulus for cFGF23 reduction. Ferric citrate reduced iFGF23 to a greater extent among patients with higher baseline iPTH, likely as a result of upregulation of FGF23 when PTH is high [11] .
Path analyses, which examined the dynamic interplay between earlier temporal changes in serum phosphate and TSAT with later changes in FGF23, suggested that ferric citrate reduced FGF23 indirectly via changes in TSAT and serum phosphate and via unknown/unmeasured mechanisms. Ferric citrate effects on cFGF23 were partially mediated by TSAT changes and effects on iFGF23 were partially mediated by serum phosphate changes.
These results provide insights into the regulation of FGF23 by ferric citrate treatment. FGF23 regulation in CKD and IDA is incompletely understood. Inflammation and changes in bone and mineral metabolism stimulate FGF23 transcription in CKD, but proteolytic cleavage is impaired [16, 17] , resulting in high cFGF23 and iFGF23. Thus in advanced CKD with associated hyperphosphatemia, nearly all circulating FGF23 is iFGF23 [28, 29] . In contrast, iron deficiency stimulates both FGF23 transcription and cleavage [14, [16] [17] [18] [19] . Thus cFGF23 is increased while iFGF23 is maintained at usual levels in irondeficient patients with normal or near-normal kidney function. By reducing serum phosphate and correcting iron deficiency, ferric citrate acts on both FGF23 stimuli to reduce iFGF23 and cFGF23. Our path analysis suggested that ferric citrate acts via changes in serum phosphate to reduce iFGF23 and via changes in TSAT to reduce cFGF23, findings consistent with the expected effects of hyperphosphatemia and iron deficiency on iFGF23 and cFGF23, respectively.
We also observed significant reductions in FGF23 by ferric citrate that were not mediated by changes in serum phosphate or TSAT. It is unclear if this represents a hitherto unknown direct pharmacologic effect of ferric citrate or represents indirect mediation by unmeasured variables. Although we did not measure the effects on inflammation or vitamin D in this study, other hypothetical mechanisms might include ferric citrate attenuation of the effects of inflammation on FGF23 or modulation of the effects on FGF23 via modification of the vitamin D-FGF23 axis above and beyond effects mediated via phosphate balance. Inflammation upregulates iFGF23, which itself stimulates inflammation, both directly and indirectly, via suppressing 1,25-dihydroxyvitamin D production [11, 17] . By reducing both cFGF23 and iFGF23, ferric citrate may attenuate potential inflammation-FGF23 positive feedback loops. These speculative mechanisms require further investigation.
It is unclear whether ferric citrate alters FGF23 transcription, cleavage or both. In a study of intravenous iron supplementation in iron-deficient patients with elevated cFGF23 and normal iFGF23 at baseline, both iron dextran and ferric carboxymaltose Estimated at the 25th and 75th percentile values of these continuously distributed baseline variables. *P < 0.5, **P < 0.01, ***P < 0.001. Q, quartile.
Ferric citrate and mineral metabolism in NDD-CKD lowered cFGF23; however, only ferric carboxymaltose increased iFGF23 [30] . An increase in iFGF23 was also observed with intravenous iron polymaltose [31] , supporting the hypothesis that the carbohydrate moiety of these intravenous iron supplements may impair FGF23 cleavage [30, 32] . Hypophosphatemia and related adverse events were also commonly observed in studies of iron polymaltose and ferric carboxymaltose [31, 33] , likely as a result of the increase in iFGF23 induced by these agents. Of note, ferric citrate differs from these intravenous iron formulations, having a very low incidence of hypophosphatemia (<1%) when used for IDA in patients with CKD [21, 34] . In the present study, both cFGF23 and iFGF23 were reduced, suggesting that ferric citrate reduces FGF23 transcription without impairing cleavage, which might explain the low incidence of hypophosphatemia with ferric citrate. These findings are consistent with prior studies in which ferric citrate decreased both cFGF23 • P < 0.10, *P < 0.05, **P < 0.01, ***P < 0.001. Obs, observed value analysis; RFI, random forest imputation analysis.
1122
G.A. Block et al.
and iFGF23 from baseline [35, 36] , with minimal changes in serum phosphate [27, 35, 37] . The analyses presented here have several strengths. Laboratory determinations were consistently obtained at regular intervals, in accordance with the trial protocol. We employed several analytic methods to determine the associations among parameters of bone and mineral metabolism, iron status and FGF23 and we found consistent results. Results were neither dependent on the analytic method nor the method's means of handling missing data. We believe that the complexity of the relations between these biological processes lends itself well to path analyses, which have not yet been widely used in the nephrology literature. The baseline characteristics of the trial population suggest that the findings are generalizable to patients with CKD Stages 3-5 seen in general nephrology outpatient practices. Limitations were the post hoc exploratory nature of these analyses, the relatively short 16-week randomized study period and the lack of measures of vitamin D and urinary phosphate. Longer trials, such as the 48-week COMPASS trial (ClinicalTrials.gov identifier: NCT03236246) may be useful for assessing the long-term effect of ferric citrate on FGF23 or serum phosphate and on clinical outcomes, including cardiovascular events, among patients with NDD-CKD and IDA.
Among patients with NDD-CKD and IDA, ferric citrate reduced serum FGF23 concentrations directly and indirectly (via effects on serum phosphate and iron balance). Ferric citrate reduced serum phosphate among patients with higher baseline serum phosphate but not among patients with baseline serum phosphate within the population reference range. The clinical implications of these concomitant, diverse and potentially beneficial effects on biochemical surrogates are under active investigation.
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